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The addition of polyethylene glycol to the Belousov-Zhabotinsky reaction increases the frequency of oscillations, which in an extended system causes a transition from traveling to standing waves. A further increase in frequency causes another transition to bulk oscillations. The standing waves are composed of two domains, which oscillate out of phase with a small delay between them, the delay being smaller as the frequency of oscillations is increased. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2946697͔
Transition from traveling to standing waves has been found in the Belousov-Zhabotinsky ͑BZ͒ reaction under periodic forcing 1 as well as in microemulsions. 2 In the first case, the transition occurs as the strength of the forcing is increased, and the phase shift between regions can be either of or / 2. In the second case, there is a wavelength halving in the transition from standing to traveling waves. It is worth mentioning that standing waves in forced systems have usually the same wavelength as that of the traveling waves in the unforced one. 3 In this paper, we report yet another transition from traveling to standing waves in the BZ reaction as the frequency of oscillations is increased. The increase in the frequency of oscillations in the BZ system is achieved by the addition of polyethylene glycol ͑PEG͒. 4 The experiments are carried out by mixing 7 ml of a solution 0.6M of NaBrO 3 ͑Aldrich͒ and 0.6M of sulfuric acid ͑Aldrich͒, 3.5 ml of 0.48M malonic acid ͑Sigma͒ 1 ml of 1M NaBr ͑Sigma͒ and varying amount of PEG ͑Aldrich, MW 300 for most of the experiments, and 2000, 8000, and 40 000 where also used͒. After the bromine formed from the reaction between bromate and bromide is consumed by the reaction with malonic acid, 0.5 ml of 25 mM of ferroin ͑Aldrich͒ is added, the reaction with these concentrations is in an oscillatory state. This mixture is poured into a Petri dish ͑diameter 90 mm͒ when studying extended systems. 5 Images then are taken with a chargecoupled device camera with a frequency of 25 frames/ s. To determine the frequency of oscillations in the well-stirred system, the contents are kept at a constant stirring rate of 300 rpm with a magnetic stirrer. Periods are measured from recorded movies. The principal effect of the polymer in the BZ reaction is to promote the formation of HBrO 2 , 4 the activator of the reaction, which in turn augments the frequency of oscillations in both the well-stirred ͑Fig. 1͒ and extended systems.
In the stirred system without PEG, the period is 85 s and with PEG it can be as short as 5 s.
In an extended system, without PEG, we see the formation of target patterns ͑Fig. 2͒ that is characteristic of this reaction. 6 However the addition of small amounts of PEG produces the appearance of a labyrinthine oscillatory pattern during the first oscillations coexisting with target patterns or pacemakers. This labyrinthine structure has a defined wavelength, the period coincides with the period of bulk oscillations, and the structure of the labyrinth itself does not change significantly over several periods of oscillation, all characteristic of standing wave patterns. 2, 3 As the frequency of the pacemakers is greater than that of the standing wave, the target patterns "invade" the whole system ͑Fig. 3͒. In Fig. 3͑a͒ , we see in each picture that the area covered by target patterns is increased, while in Fig.  3͑b͒ , we see how a target pattern appears before the fourth global oscillation, and it is swept away by waves with higher frequency, which start to appear before the sixth oscillation. This behavior is similar to what happens in oscillatory media, when the frequency of targets and spirals is greater than the frequency of the global oscillations, and targets or spirals with higher frequency sweep out targets or spirals with lower frequency. 3, 6 As the amount of added PEG is increased, the number of oscillations that display standing waves is also increased. In Fig. 4͑a͒ , two periods of the standing wave are shown. The system starts in the dark state ͑high concentration of the reduced form of the catalyst͒, then it starts forming a labyrinthine structure and soon it turns into a uniform clear state ͑high concentration of the oxidized form of the catalyst͒. The corresponding space-time plot ͓Fig. 4͑b͔͒ shows some structure only during times with high concentration of the oxidized catalyst.
At very high concentrations of PEG, the system displays several global ͑bulk͒ oscillations without showing any standing waves. With this high frequency of oscillations, the system exhibits oscillations for a short period of time.
The phase shift between domains in the standing waves is different than as can be seen in Fig. 5 . This differs from the standing waves observed in microemulsion 2 in which the phase shift is , as what is predicted from amplitude equations. 1 The phase shift in standing waves depends on the amount of polymer that is added, and as the amount of polymer increases, the phase shift becomes smaller.
In the case of periodically forced BZ reaction, the labyrinthine structure appears because of the bistable behavior of the system, 3 whereas in the BZ system in microemulsions, it may be due to wave instability. 2 For wave instability to occur, there is a need for three variables and slow diffusion of at least one of them. 7 In our system, all components diffuse more or less at the same rate, except for perhaps the PEG. In order to see the effect of diffusion of PEG, experiments using PEG of different molecular weights ͑2000, 8000, and even a couple of experiments with PEG 40 000, these last not shown͒ where performed. As the molecular weight of the polymer is increased, the ratio of frequency increase is lower, but the general scenario on pattern formation is the same, waves, competition between traveling waves and standing waves, standing waves, and bulk oscillations. A generalization of the results can be found in Fig. 6 .
The addition of PEG causes an increase in the viscosity of the solution; however, the wavelength of the labyrinthine structure remains unchanged, which indicate that convection does not play a role within these experiments. Furthermore, we see that the behavior of the system is the same for a determined frequency regardless of the amount and molecular weight of polymer that is required to reach it, for instance, the amount of PEG 300 that is needed to reach a period of oscillations of 20 is 0.05 g / ml, whereas the amount of PEG 2000 that is needed is 0.43 g / ml, yet these two systems show the same number of bulk oscillations before showing standing wave patterns. This shows that what is important is the frequency of oscillations of the system. Also the absence of an effect on the size of the polymer rules out the wave instability as the source of standing waves.
It would be interesting to see how general is this transition within different types of bromate oscillators, such as the variant of the BZ reaction that uses 1,4-cyclohexanodione that presents anomalous dispersion, which produces some interesting patterns. 8 In a BZ system in an AOT ͓Aerosol OT, sodium bis͑2ethylhexyl͒ sulfosuccinate͔ microemulsion, the frequency of oscillations is decreased, and the main effect of the polymer is stabilizing micelles of big size, which in turn, stabilize the formation of segmented waves. 
